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Thrust augmentation of an axial-flow-type turbojet engine by 
a combination of tail-pipe burning and water injection has been 
investigated in the Cleveland altitude wind tunnel. Water was 
injected into the engine inlet and the engine combustion chambers. 
Performance was investigated over a range of simulated flight con- 
ditions and water injection rates while the engine was operated at 
rated speed and the tail-pipe fuel flow was regulated to maintain 
a constant turbine-outlet temperature. A constant inlet-air tem- 
perature of 5200 R was maintained during water injection into the 
engine inlet in order to avoid icing. A fixed-area tail-pipe noz- 
zle was used. 

Thrust increases obtainable with wine-inlet water injection 
reached a peak at a water-air ratio of 0.035 and decreased with 
larger amounts of injection, whereas thrust increases obtainable 
with combustion-chamber water injection increased as the water-air 
ratio was raised throughout the range of water-air ratios invee- 
tigated, For the range investigated, greater -mum thrust 
increases w8re available with combustion-chamber water injection 
than with engine-inlet water injection. Thrust increases obtained 
from either method of water inj8ction were accompanied by large 
increases in specific liquid constnnption. 

INTRODUCTION 

Au@nentation of the normal thrust of turbojet engines is of 
importance in improving the flight characteristics of :et-propelled 
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aircraft and in increasing the effectiveness & the turbojet 8ngIne 
for civilian and military applications. Ageneralprogram ofthruBt 
augmantation for turbojet engines is therefore being conducted at 
the NACA Cleveland laboratory. Thrust awentation of an axial-flow- 
type turbojet engine by burning fuel in the tail pipe is disuuesed 
in r8ferences 1to 3. Thrust augmentation of the same turbojet 
engine by water injeotion at the compressor inlet is reported in 
refermoe 4. 

The performance results of an investigation m&de in the Cleve- 
land altitude wind tunnel. with water injection in combinationwith 
tail-pipe burning in the following two phases are presented herein: 
(1) engine-inlet water injection with tail-pipe burning; and 
(2) combustion-chamber water injection with tail-pipe burning. 

The standard tail pipe 09 the turbojet engine was replaced with 
& larger tail pipe designed to provide favorable conditions for 
tail-pipe burning. A fixed-area tail-pipe nozzle was used on the 
engine. The investigation was made over a range of flight Mach 
numbers at a pressure altitude of 20,000 feet and at rated engine 
speed. This engine speed was maintained while the water injection 
rate was varied over the fY.111 range obtainable with the pumping 
equipment. A con&ant turbine-outlet temperature was maintained 
by varying the amount of fuel burned in the tail pipe. 

INSTliILATION 

&@Ic~ 8x-d tail-pipe burner. - The investigation of thrust 
amntation by the uBe of water in.!ection in oombination tith 
tail-pipe burn&g was p8rformed with an &al-flow-type 4000-pound- 
thrust turbojet engine hating an U-stage campreeeor, eight cylin- 
dricalcombustion chambers, anda single-sizgeturbine. The 
gt&rd tail pipe of the 8ngine was replaced by a modified tail 
pipe, which was lengthened to include & dlffueer, a combustion 
Chamb8r 5 feet long and 34 inches in diameter, a reducer section, 
and a tail-pipe nozzle (fig. 1). Further details of the construc- 
tion and performance of this tail-pipe burner are presented in 
reference 1. A fixed-area tail-pipe nozzle 13 inches fn diameter 
was Installed on the engine for the phase of the investigation in 
which tail-pipe burnztng was used.. A f-d-area tail-pipe nozzle 
16: inches in diameter was -talled on the engine for the phase 
of the investigation in which no tail-pipe burning was used. 

i 
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W a ter- in ject ion e q u i m n t. - W a ter  w a s  in jec ted into th e  e n g i n e  
in let  th r o u g h  2 4  spray  nozz les  o i rcumferent ia l ly  - ta l led a r o u n d  
th e  in let-air  d u c t a n d  flu s h  tith  th e  d u c t wal l ,  T h e  nozz les  w e r e  
loca ted  a t a 'sta tio n  6  i nch88  u p s t ream o f th e  e n g i n e  inlet. A  
d e ta i led  d 8 B C r i p tiO n  o f th is  in ject ion sys t8m a n d  a  descr ip t ion  o f 
th e  w a ter  in ject ion nozz les  a re  g i ven  in  re fe renoe  4 . 

W a ter  w a s  in jec ted into th e  c o m b w tio n  c h a m b e r s  th r o u g h  two 
nozz les  in  e a & h  & a m b e r , o n e  a t th e  in let  a n d  o n e  a t a  stat ion 
6  i nohes  q p e t ream ocf th e  o u tle t (fig. 1).  T h e  spray  nozz l8s  a t th e  
in let  d i rec ted a  oonica l .  sp ray  u p s t ream a n d  w 8 r e  f ixed to  th e  fue l -  
sp ray  nozz le  e u p p o r te . T h 8  nozz les  n e a r  th e  O u tle t d i rec ted a  
con ica lspraynormal to  th e  g a s  flo w  into th e  s e o o & a r y  c o m b u s tio n  
z o n e . 

W ind- tunne l  instal lat ion.  - T h e  tu rbo je t  e n g i n e  w a s  suppo r te d  
by  a  w ing  sect ion insta l led in  th e  20- foo t -d iameter  test  sect ion o f 
th e  a l t i tude w ind  tu n n e l  (fig. 2).  A ir w a s  supp l i ed  to  th e  e n g i n e  
th r o u g h  a  d u c t frcm  th e  tu n n e l  m a k e - u p  ai r  sys tem ( re ference 1). 
A  labyr in th  d ip  jo int  in  th e  in let-air  d u c t 4 0  fe e t u p s t ream o f th e  
e n g i n e  in let  m a d e  poss ib le  th e  m e a e u r a m e n t o f th r u B t wi th th e  w ind-  
tu n n e l  b a l a n c e  scale.  T h e  ai r  w a s  throt t led f rom a p p r o M .m a te ,ly 
sea- leve l  p ressure  to  th e  des i red  to ta l  p ressure  a t th e  e n g i n e  in let  
wh i le  th e  p ressure  in  th e  w ind- tunne l  test  s e o tio n  w a s  m a i n ta i n e d  
a t a  va lue  co r respond ing  to  th e  des i red  al t i tude. 

A  survey  rake  w a s  m o u n te d  in  th e  a i r  d u c t a b o u t 1 1 ; fe e t 
u p s t ream o f th e  e n g i n e  in let  to  m e a s u r e  th e  e n g i n e  a i r  flo w . P ree-  
su re8  a n d  te m p e r a tu r 8 8  o f th e  gases  w x w  m 8 a e u r 8 d  a t B e V 8 r a l  e ta -  
tio n B  in  th e  e n g i n e  (f3g. 1 )  a n d  thrust  w a s  d e te r m i n e d  f ran th e  
w ind - tunne lba lanw scales.  T h e thrwtanda i r f lowwere  ca lcu la ted  
by  th e  m e th o d s  p resen te d  in  th e  a p p e n d i x . 

K e r o s e n e  ( A M ? - 3 2 )  w a s  b u r n e d  in  th e  e n g i n e  a n d  62 -oc tane  
u n l e a d e d  gaso l i ne  w a s  b u r n e d  in  th e  ta i l -p ip8  c o m b u s tio n  C h a m b e r . 

T h e  invest igat ion w a s  C o IId I@ e d  a t a  p reseu r8  a l t i tude o f 
2 0 ,0 0 0  fe e t a n d  a t f l ight P lIa c h  n u m b e r s  f rom 0 .2 6  to  0 .8 7 . A t e a c h  
s imu la ted  f l ight condi t ion,  th e  tu rbo je t  e n g i n e  w a s  o p e r a te d  a t 
ra ted  s p e e d  ( 7 6 0 0  qsn) .  D a ta  w e r e  o b ta i n e d  a t var ious  w a ter  flo w s  
wh i le  th 8  turb ine-out le t  tsq8rature w a s  m a i n ta i n e d  a t 1 6 6 0 0  B  by  
vary ing  th e  a m u u n t o f fue l  b u r n e d  in  th e  ta i l  p i pe . A n  in let-air  
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temperature of about 520° R was maintained to prevent icing when 
water was injected into the engine inlet. Inlet-air t8mperatur8B 
corresponding to NACA standard altitude temperatures were maintained 
when water was injeoted into the oombustion chambers. Equal amounts 
of water w8r8 injected at the oombuetion-chamber inlet and the eec- 
ondary combustion zone. The total water-flow rate for either the 
compressor-inlet injeotion system or th8 combustion-chamber injec- 
tion system was limited by the pumping equipent to a maximum of 
2.65 pounds per secand. 

IESTZTS AND DISCWSIOR 

Rngine-inlet water injection. - The effects of water injection 
on engine performance with tail-pipe burning are presented in fig- 
ures 3 and 4, No data points are ahown on the curves inasmuch as 
the actual data were obtained at slightly varying turbine-outlet 
temperatures, which necessitated the uBe of cross plots to obtain 
the performance curves at a constant turbine-outlet temperature of 
16800 R. A description of th8 method of cross-plotting is given 
in the appendix. With engine-inlet water injection in combination 
with tail-pipe burning on a turbojet engin8, raising the water-air 
r8tiO caused an increase and 8 subsequent decrease isl jet thruBt 

(fig. 364 1, net thrust (fig. 3(b)), tail-pipe fuel oonsumption 
(fig. 3(c)), total fuel consumption (fig. 3(d)), total fuel-air 

ratio (fig. 3(e)), and tail-pipe pressure ratio (fig. 3(f)). ThruBt 
augmentation obtainable for the combination of engine-inlet water 
injection and tail-pi 
about 0.035 (fig. 3(b $ 

burniii was highest at a water-air ratio of 
). Total liquid consumption and specific 

liquid consumption based on n8-t thrust increased as the engine- 
inbt water injeotion rate was increased throughout the range of 
water-air ratios investigated (figs. 3(g) and 3(h),respectively). 
Air flow of the turbojet engine with tail-pipe burning was 
unaffected by engine-inlet water injeotion (fig. 3(i)). 

Greater net thrusts (fig. 3(b)) and specific liquid coneumptions 
based on net thrust (fig. 3(h)) were obtained with water Injection 
at the engine inlet and tail-pipe burning than with tail-pipe burn- 
ing alone. Thrust increases were larger at low flight Mach numbers 
than at high flight Mach numbers. Data obtained for two fl 

Y 
t Maoh 

numbers at a turbine-outlet temperature of 1680° R with a 19z-inch- 
diameter tail-pipe nozzle are shown in the following table: 

. 
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0.26 1880 
.87 3620 

-+ 

t* 

Net 
thrust 

(lb) 

,ipe blnming 

sp8CifiC 
11cpia cosl- 
smptiaa 
based on 
net thru8t 
(W(h4 
(lb thrust): 

2.45 
2,16 

Engine-inlet water Fnjeotion and tail- 
pipe burning; water-air ratia ‘9 

thrust 
(lb) 

2350 
3980 

Ilincrease 
in net 
thrust 
(percent) 

25 
10 

Specific 
licpia con- 
sumption 
based on 
net thrust 
(lb/(*) 
(lb thrust)) 

4.27 
4.00 

0.035 
Increase in 
specific 
liquid con- 
aumpticm 

(percent) 

74 
85 

The thrud increasee and specific liquid consumptions obtained 
with engine-inlet water injection with and without tail-pipe burning 
are shown in the following table. Water-injection data are presented 
at a water-air ratio of 0.0535 because perfomance data with water 
injectian alone were available only at this value. The values were 
obtained with the engine operating at maximm rated conditions at a 
pressure altitude of 20,000 feet and a flight Mach number of about 
0.26 with an inlet-air tnmperature of approxFmatelg 520° R. 

None 1540 
mine-inlet water 16: 1730 12 

injection; water- 
air ratio, 0.0535- 

1880 22 
Eugine-inlet water 2315 50 

injection with 
tail-pipe burn- 
ing; water-air 
ratio, 0.0535 

liquid con- 
sumption 
based on 
net thrllst 
(lb/b) 
(lb -t)) 

1.39 
5.30 

2.45 75 
5.29 278 

Lncreaae in 
epecific 
liquid con- 
sumption 

(percent) 

280 

The values obtained without tail-pipe burning are taken from refer- 
ence 4. 

c 
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The increase in net thrust caused by inlet water injection and 
tail-pipe burning at a water-air ratio of 0.0535 over the thrust 
obtained with tail-pipe burning alone is 23 percent. The correspond- 
ing increaee in specific liquid consumption is 116 percent. 

Engine-inlet water injection is impractical under condition8 at 
which the inlet air must be heated to prevent freezing of the 
Injected water beoause the abnormal inlet-air temperature that. 
results frm such heating decrease8 the thrust of the engine. The 
addition of some freezIng-point depressaut to the water would elim- 
inate the necessity of heating the inlet air. The decrease in thrust 
caused by raising the twerature of the inlet air tenda to nulUfy 
the increase in thrust obtainable from water injection; however, 
worth-while gains in thrust oould be realized at sea level on warn 
days or by injection of a nonfreezing mixture of water and alcohol. 

Value8 taken from the curve8 of figure 3 are not directly ccm- 
parable to values from ffgure 4 or from reference8 1 to 3, except 
for stiulated flight condition8 that involve an engine inlet-air 
temperature of 520° R, inasmuch aa a constant inlet-air temperature 
of 520° R was maintained with water injection into the engine inlet. 
XACA standard inlet temperatures were maintained with water injeo- 
tion into the combustion chamber8 and for the data presented in 
references 1 to 3. 

Analyeis for engine-inlet water injection. - Engine-inlet 
water injection lowered the temperature of the air flowing throu&h 
the compressor because of the evaporation of water and thereby 
increased the compressor Mach,number. Evaporation of water in the 
flow passages of the compressor changed the flow conditions over 
the bLbding and thus probably affected the compressor efficiency 
(reference 4). An Wcreaae in gas flow through the critical flow 
area of the engine (turbine ,nozzles) ae a result of inlet water 
injection was accompanied by an increase in compressor pressure 
ratio. Injection of small amounte of water at the engine inlet 
increased the compressor pressure ratio but didenot greatly affect 
the efficiency therefore producing an increase in turbine-outlet 
total pressure. Injection of larger amount8 of water at the engine 
inlet continued to increase the compressor pressure ratio> but 
ap-rently had au adverse-affect on the compressor efficiency. The 
result was that at high water injection ratea the turbine-outlet 
total pressure decreased. 

Combustion-chamber water injection. - With combustion-chamber 
water injection- fn combination with tail-pLpe burning, raisiw the 

c 

a, 
2 

. 

l s  

8 



m  

t 
I U C A R M N o ,E 7 L l 6  7  

l w a ter-a i r  rat io c a u s e d  a n  i nu rease  in  jet thrust  (fig. 4(a)) ,  n e t 
thrust  (fig. 4(b)) ,  ta i l -p ipe  fue l  c o n s u m p tio n  (fig. 4(o)) ,  to ta l  
fue l  c o n s u m p tio n  (fig. 4(d)) ,  to ta l  fue l -a i r  rat io (fig. 4(e)) ,  
ta i l -p ipe  p ressure  rat io (fig. 4(f)), to ta l  l iqu id  o o n s u m p tio n  
(fig. 4(g)) ,  a n d  speci f ic  l iqu id  a n d  fue l  consxznp t iona  b a s e d  o n  n e t 
thrust  (fig. 4(h) )  th r o u g h o u t th e  r a n g e  o f w a ter  in ject ion rates 
invest igated.  A ir flo w  o f th e  tu rbo je t  e n g i n e  wi th ta i l -p ipe  bu rn -  
i ng  w a s  u n a ffec ted  by  c o m b u s tio n - c h a m b e r  w a ter  in ject ion (fig. 4(i)). 
L n c r e a e e s  in  thrust  a n d  speci f ic  l iqu id  c o n s u r m p tio n  resul t ing f rom 
c o m b u s tio n - c h a m b e r  w a ter  in ject ion a t two f l ight & c h  n u m b e r s  a n d  a  
turbt ie-out let  te m p e r a tu re  o f 1 6 8 0 °  R  a re  & o w n  in  th e  fo l l ow ing  
tab le : 

Fl ight]  Ta i l -p ipe  bu rn ing  ICombus tio n - c h a m b e r  w a te r  in ject ion a n d  _  
M a c h  
n m b e  N e t 

I thrust  
( lb)  

i 

S p e c i fic 
l iqu id  can-  
r s u m p tio n  
b a s e d  o n  
n e t th r u 8 t 
(lb/(*) 
( lb  thrust))  

ta i l -p  
~ N e t 
thrust  

( lb)  

I i lcrease 
in  n e t 
thrust  
(percent )  

j w a ter-a i r  rat io, 0 .0 5 8  
S p e c i fic Inc rease  in  
l iqu id  e o n -  speci f ic  
s L s m p tio n  l iqu id  con-  
b a s e d  o n  e u m p tio n  
n e t thrust  
( lb/& d  

(percent )  

( lb  thrust))  
2 .1 2  3 2 5 1  1 7  
2 .1 1  3 5 4 0  1 6  

9 ighes t  invest iga te d  a t f l ight I& c h  Ilzm iber  o f 0 .8 1 . 

A  compar i son  o f th e  pe rcen ta g e  c h a n g e s  Fn  th e  var ious  per fo rm-  
a n c e  p a r a m e ters  c a w e d  by  engLne - i n l e t w a ter  in jeo t ionetnd  
c o m b u s tio n - c h a m b e r  w a ter  in ject ion ind icates th e  re lat ive mer i te  o f 
th e  two in ject ion stat lone, a l t hough  th e  U ffe rence  in  eng ine- in le t  
a i r  te m p e r a tu res  du r ing  th e  two p h a s e s  o f th e  In v e e ti~ tio n  p laces  
cer ta in  lim ita tio n s  o n  such  a  ccmparkon . A t a  w a ter-a i r  rat io o f 
0 .0 3 5 , th e  rate o f in ject ion a t wh ich  m a x L m u m  thrust  i nc reaees  w e r e  
ava i lab le  f rom er@ ne- in le t  w a ter  in ject ion in  ccmib ina t ion  tith  
ta i l -p ipe  burn ing ,  g r e a ter  thrust  a u g m e n ta tio n  w a s  ava i lab le  frcm  
eng ine- in le t  w a ter  in ject ion th a n  f rcan c o m b u s tio n - c h a m b e r  w a ter  
in ject ion.  Inc reases  in  thrust  a n d  speci f iq  l iqu id  c o n s u m p tio n  
ava i lab le  f rom th e  two m e th o d s  o f a u g m e n ta tio n  a t a  p reseu re  alt i- 
tu d e  o f 2 0 ,0 0 0  fe e t, a  f l ight W ch  n u m b e r  o f 0 .6 8 , a n d  a  tu rb ine-  
o u tle t te m p e r a tu re  o f 1 6 8 0 0  R  a re  p resen te d  in  th e  fo l l owkg  tab le : 
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Augmentation 

Engine-inlet 
water injec- 
tion with 
tail-pipe 
b-w 

Combustion- 
chamber 
water injec- 
tion with 
tail-pipe 

inlet- 
sir 
bll- 
?era- 

PG 

520 

488 

Water- Net 
air thrusf 
ratio (lb) 

0 

0.035 

0 

0.035 

2580 

3000 

2780 

3130 

Increaf3e Speoific 

in Ret liquid con- 
-thrust sumption 
due to based on 
water net thrust 
injection (lb/(hr) 
(percent) (lb thrust)) 

2.32 

16 
4.35 

2.12 

3.3 
4.11 

Increase in 
specific 
liquid con- 
sumption 
due to 
water 
injection 
(percent) 

88 

94 

With the engine operating with tail-pipe burning, a greater maximum 
increase in net thrust was obtained with ccxnbustion-chamber water 
injection than with engine-inlet water. The maximum increase8 in 
net thrust obtained at a pressure altitude of 20,000 feet and a 
flIght Mach number of about 0.68 was 17 percent fxxa combustion- 
ohamber injection at a water-air ratio of 0.053 (fig. 4(b)) aud 
16 percent from engine-inlet injection at a water-air ratio of 0.035 
(fig. 3(b)). The corresponding increases in specific liquid con- 
sumption were I.34 percent (fig. 4(h)) and 88 percent (fig. 3(h)), 
respectively. The maximum water-air ratio investigated for COmbUStion- 
chamber water injection was about 0.053 and the trend of the curves 
indicate that still higher thrust incxreases could be obtained with 
greater injection rates (fig. 4(b)). 

Aualysis for combustion-chamber water injection. - The tail-pipe 
pressure ratio increased with water injection into the combustion 
chambers as the water-air ratio was increased throughout the range 
investigated (fig. 4(f)). An increase in gas flow through the 
critical flow area of the engine (turbine nozzles) as a result of 
the injection of water into the combustion chambers was accompanied 
by an increase in compressor-outlet pressure and a change in com- 
pressor air flow. The following chart shows typical axdal-flow- 
C~easor Gharrtote??iStiCEI, with turbojet engine operating lines 

superimposed, for operation tith and tithout combustion-chamber 
water injection: 

I 

1 
. 

l s  

. 
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--- operating line 

0 

i 

0 
/ 

0 
/ / 

0 / \ 
0 / 

0 / 
0 / 

/ 
/ / 

/ 
/ 

0 &ithout 
0 / / 0 injection 

0 / 
/ / 

0 

% = 0.3 0.5 0.7 0.9 

Crorrpressor air flow 

At each flight condition, the compressor operated at a fixed Mach 
number; therefore, because the compressor operating lfne for the 
engine interseats the compressor Mach number curve Ln a region where 
the constant compressor Mach number curve is steep, the variation 
in air flow was very -11. The ticZWE&Sed pressure ratio across 
the oompressor with prrtcti.cally constant air flow required a larger 
amount of powerfromtheturbine. Because water injection increased 
the mass gae flow through the turbine and raised the specific energy 
content of the gases flaring through the turbine, the turbine could 
supply the increased power to drive the compressor with little 
increase in turbine pressure ratio. The turbine-outlet pressure 
therefore inCr=Sed as the wateFinjeotion rate was increased. 

Water injection gives limited gains in thrust, aa can be seen 
from the data presented herein. These gains in thrust are accom- 
panied by large increases in spec#ific liquid cousumption. The use 
of water injectfon to augment the thrust of a turbojet engfne is 
therefore only practioal for short periOd8 of time. 

. 
- , 
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SUMMARY OF RESULTS 

From an investigation conducted in the Cleveland altitude wind 
tannel of thrust augmentation of an axial-flow-type turbojet engine 
operating at maximum engine epeed and a constant turbine-outlet tem- 
perature of 16800 R with a combination of tail-pipe burning and 
water injection, the following results were obtained: 

1. M%&mun thrust augmentation was obtained with engine-inlet 
water injection at a water-air ratio of about 0.035. With larger 
amounts of injection, awentation decreased; whereas thrust 
augmentation obtainable with combustion-chamber water injection 
inCIV3aSed as the water-air mtio wa8 raised throughout the range of 
water-air ratios investigated. 

2. Injection of water into the engine inlet of the turbojet 
engine with a l?-inoh-diameter tail-pipe nozzle operating at rated 
condition8 with tail-pipe burning at a water-air ratio of 0.0535 
produced a net thrust 23 percent greater and a specific liquid con- 
sumption 116 percent greater than the corresponding value6 for the 
engine with tail-pipe burning and no water injection. This total 
augmented thrust was 50 percent @?eater than the net thru8t of the 
turbojet engine with a 16&inch-diameter nozzle ard no augmentation 
and the wcific liquid consumption was 278 ercent greater. Injec- 
tion of water into the inlet of the turbojet engine having a 
16&inch-diapeter tail-pipe nozzle and operating at rated condition8 
without tail-pipe burning at a water-air ratio of 0.0535 produoed a 
net thrust 12 percent greater than the net Wrust of the engine 
without water injection. This au@plentation was accompanied by a 
280 percent increase in specifio liquid consumption. 

3. At a pressure altitude of 20,000 feet and a flight Mxh 
number of about 0.68, the maximum thru8t increases for engine-inlet 
water injection and combustion-chamber water injection on a tmbojet 
esine operating at rated conditions with tail-pipe burning above 
the thrust obtainable with tail-pipe burning alone were 16 and 
17 percent, respectively. Trends of the data presented indicate 
that greater t-t increases could be obtained from combuetion- 
chamber water injection at higher water-injection rates, whereae 
the value presented is the maxLmum obtainable at these inlet con- 
ditions for engine-inlet water injection. 

1 

' t 
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4. Water injection gave limited gains in thrust with a large 
increase in specific liquid consumption; it8 use IS therefore 0d.y 
practical for short period8 af time. 

Flight Propulsion Research Laboratory, 
National Advisory Committee for Aeron3uticB, 

Cleveland, Ohio. 

J 



12 

A 

B 

CD 

% 

FJ 

Fn 

f/a 

'S/PO 

P 

9 

R 

S 

T 

Ti 

t 

NACA RM No. ML16 

SYMBOLS 

The following symbols are used in the analysis: 

cro88-sectional area, aq ft 

thrust Scale reading, lb 

external drag coefficient of installation (determined from 
power-offinveotigation8) 

lspecific heat of gas at con&ant pressur8, Btu/(lb)(OR) 

jet thrust, lb 

net thrust, lb 

fuel-air ratio based on total fuel flow to engine and tail 

acceleration of gravity, 32.2 ft/sec2 

mechanical equivalent of heat, 778 ft-lb/&u 

Mach number 

total pressure, lb/sq ft ab8OlUte 

tail-pipe preeaure ratio 

static pres8ure, lb/aq ft absolute 

dy3'xmic pressure, lb/eq ft 

gas constant, 53.4 ft-lb/(lb)(qi) 

wing-sectionarea, sq ft 

total temperature, OR 

indicated temperature, OR 

static temperature, OR 

. 

’ , 

. 

. 
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- . v 

wa 

%f 

Wf,-t 

W2 

wfbn 

w2bn 

da 

Y 

P 

velocity, ft/sec 

air flow, lb/set 

total fuel consumption, lb/& 

tail-pipe fuel conmruption, lb/& 

IiquId consumption, lb/k 

specific fuel consumption based on net thrust, lb fuel/(hr) 
(lb thrust) 

specific liquid consumption based on net thrust, lb fuel + 
water/(hr)(lb thrust) 

water-air ratio 

ratio of specific heats for gases 

maa density of gas, eluge/cu ft 

Subscripts: 

C compressor 

& eXhaU8t QaS 

s station in ez&auat jet where static pressure first reaches 
free-stream static pressure 

r inlet duct at survey rake, station r 

X inlet duct at slip joint, station x 

0 tunnel-test-section free-air stream 

1 cowl inlet 

5 turbFne outlet 

6 tail-pipe diffuser inlet 
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ABPENDIXB 

NAOA RM No. E7L16 .- 

c- 

MBX!EtOE OF CAU=ULATION 

Temperatures 

A cold calibration of a sample thermocouple up to a lkxch number 
of about 0.8 showed that the thermocouple measured the static tem- 
perature plus appromtely 85 percent of the adiabatic temperature 
rise ow3rq~ to the Impact of the air on the thermocouple. Static 
temperature was determined from indicated temperature by applyin 
this factor to the adiabatic relation between temperature and pres- 
sure in the following manner: 

t = 

l+ ,.,,[;,r - 1] 

(1) 

The total temperature was found by uBe of the equation 

r-1 P 7 
T=t 0 5' = fi 0 ii 

1 + 0.85 

AirFlow 

The air flow through the engine =B determined from pressure 
and temperature measurements obtained with a vertical survey rake 
installed in the inlet duct lli feet ahead of the engine. Airflow 
was calculated by substituting these values of pressure and temper- 
ature in the equation 

. 
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The static tqrature in equation (3) was obtained by we of 
equation (1). 

Jet Thrust 

Jet thrust IEM determined 
by combining the forces on the 
equation: 

FJ 
=B+CL,qOS+ 

15 

(3) 

fKrm the balance-scale measurement8 
in.&allation in the follom 

wa % 
-++ 8 

The second tern in the right-hand eide of 
the external drag aP the installation and 
terms combined represent the force on the 
yrinth slipjoint in the inlet-air duct. 

(P,- PO) (4) 

equation (4) represents 
the third and fourth 
installation at the lab- 

Equivalent Airspeed 

Inasmuch 88 all calculatiaae are baeed on lOO-percent free- 
atream total-pressure recovery, the equivalent airspeed corre- 
epondlng to the ram-pressure ratio at-the ergWe 
by 

i&t was ezpresaed 

(5) 

Becauee the adiabatic temperature r$se due to the cowl-inlet veloc- 
ity was low, the equivalent free-stream total temprature was 
assumed equal to the cowl-inlet indicated temperature. The u8e of 
this assumption introduced an error in airspeed of less than 
1 percent. 

, 

. 
. 
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Net thrust 

Net thrust wae obtained by subtracting the equivalent free- 
stream momentum of the inlet air from the jet thrust 

WEb Vo Fn =Fj - - 
g 03) 

Method of Cross-Plotting Data 

Performance data obtained at each eimulated flight condition 
were plotted using turbine-outlet temperature as the independent 
variable, a8 ahown in the following figure: 

5 5000 L 

3000 I 
1600 1650 

- w/a = 0.04 
/ 

/W/l3 = 0 

I I 
1700 1750 

T7r OR 

At each simulstedflight conddtion, data were taken&t-two 
turbine-outlet temperatures and a fired water-air ratio in order 
to determine the slope of the f&rings in thie figure. The point 
at which theBe fsired lines intersect the turbine-outlet temper- 
ature line of 168OO R gave the thruet obtainable from the system 
with a turbine-outlet temperature of 1680° R. Values taken from 
the points of intereection were then plotted in the final figure8 
using water-air ratio ae the basic parameter. 

. 

- I 

. 
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Tall-pipe diffuse 

Figure I. - Installation of turbojet engine with tail-pipe combustion chamber and water injection 
nozzles showing relatiorl of component parts and measuring stqtiona. 
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Figure 2. - Wind-tunnel installation of turbojet engine with tail-p ipe coybustibn chamber. 



. 

. 



NACA RM NO. E7LI6 21 

l 

. 

I I 
6000 I I I I I I I I I I I 

I I I I I I I 
79 I 

-- 

-97 
0 .Ol l oQ .OS .04 .06 .06 .07 

watenfr ratio. r/a 
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Flight Haon 
nlrmber 

.Ol .02 .oa .m .06 .06 .07 
Mata-alr ratio, w/a 

(bl IhIt tln-urt. 
- dontlmmd. Effeat of w&or hjeation rt engh inlet on turbojob 

LM mpaed, 7600 rpa 
&ura, 16800 R; I 

presmurs altitude, 20,000 test; turbfmvou~let tan- 
8% na lnletyalr tapmuture. amrorlaatrly 520 R. 

Y 

t . 



NACA RM No. E7Ll6 - I 23 

. 
B  
is6 
B 
Ei 
? I I,,1 -1 I I III I I 
i:2800 I - 
t 
"e 

I I I 4 

(a) Tail-pipe fuel aonaumption. 

0 .Ol .os .04 .os .06 .07 m tamir ratio, r/8 
(d) Total irul aonsrrptlon. 

- 3. - aontinusd. 
engine pwfomuioo 

What of nkr iajsetion at l ngylae ini& on turbojot- 
rf= trll-pi~ burning for ssr*ral flQht Yrsh ntrkra. 

Engins apaul 7600 zlpl p~mmaro titituds 20,om feet; turbllY-out1mt tos- 
psr&ure, 16b R; h&. bletalr tarpeikre, approxiuta17 5200 R. 
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(i) Tall-pipe presm!F8 rrtio. 
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16,000 - 

(g) TQt8l liquid con8&tlon. 
~1gux-a S. - ccatlmed. Mtwut a? nt8r lnj8daul rt engine inlet op tlil?bQ jot- 

l gm p8rfonmn08 with tall-pl~ bumlng for a8rsrtl flQht *oh numbera. 
En&n8 speed, 7600 m; pr8rrur8 rltitu&, 80,000 fasts turbln8-ootlet tam- 
perrtpre, 16&C@ R; l ng2no Zalafe tsaprratwe, approxiutelf SW R. 
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(h) Speolflo llquld and fuel oanrtnuptlons bared on net thrwt. 

60 

(2) Air flow. 
figI=* a. - Conaluded. Efieat of water injeotion et engine lnlst on turbojet- 

mgtie pe~ormapaa with tall-pipe bumlng for amoral fll@t Haoh nunberm. 
sn&u sped, 7600 rpr 
pwdmw, 16800 It# f 

prommum mltitude, 20,000 is&# turbine-outlet tom- 
en6 m  lnlat-alr terpm'-atrw, appxuiutoly 62@ R. 
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Flight Msch number 

3600 
(a) Jet thru8t. 

0 .Ol .03 .04 .06 -- water-81r rstfo, r/a 
(b) Hot thrust. 

Figure 4. - Sffsct of water fnjsctfon into oombuatlon ahambsrs on 
turbojet anglns-perf amen ce rlth tall-pipe burrnine; for two 
ill t Mach numbers. E  
20, tv 00 feet; turbine-out et temperature, Y  

ins speed, 7600 ,m.wm8R~lstod altitude, 
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(0) Tail-pipe fuel aonaumptlon. 

NACA RM No. E7L 16 

0 .81 .02 
~ate*air*%io, w/i 

04 .os .06 

(d) Total fuel oonswnptlon. 
FQu.??e 4. - Continued. Effect of water injsctlon into a~buatlon 

chambers on turbojet-emglns performarms rfth tail-p&pa bumlng 
for two flight Mauh numbers. Engine speed, 7600 qm; simrlated 
altitude, 20,000 feet; turbine-outlet temperatwe, 16w R. 
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(f) Tail-pipe pressure ratio. 
Flgura 4. - Continued. 

ahambsra on 
Effect of water injactlon into combustion 

for two ill 
turbojet-en 

8 
%  

ine performmoe with tail-pipe burning 
altitude, 2 

ht Xach r1um~er8. Engine speed, 7600 rpm 
,000 feet; turbine-outlet tmperstura, slrmlated 

1 GO0 R. 8 
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18,000- 18,000- 
Flight Mach number Flight Mach number 

Wateppir ratio, r/a 
tg) Total liquid aoxmumption, 

FWure 4. - Continued. Effeat of water infaotion into ambuntion 

Wateppir ratio, r/a 
tg) Total liquid aoxmumption, 

FWure 4. - Continued. Effeat of water infaotion into aambuntion 
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&amber8 on turbojet-engine perfomn6nas 61th tail-pipe bumxtng 
for tro fli 
al$itude,'2 

ht Sach number8. 
8 

ExIg%ne speed, 7600 rpm. clirmulatsd 
,000 feeti turbine-outlet tmtpetature, 18800 B. 
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fh) Specifia liquid and fuel ~onmmptions based on net thrust. 
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Watewais ratio, r/a 
.os .06 

(1) Air flow. , 
F$@re 4. - Conoluded. Effect of water lnje&Ion into acmbustion 

&amber8 on turbojet-bnglne-perfannanoe with tail-pfpe burning 
for two flf ht Haoh nUmber8. Engine 8 eed, 
altitude, 2 8 ,000 festl turbine-outlet e 

'7600 rpm 
8 

sirmlated 
emperature, I 800 R. 
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